In Drosophila oogenesis, follicle cells derived from somatic tissue surround the oocyte and play key roles in generating properly polarized oocytes. During the later steps of oogenesis, follicle cells are involved in secretion of proteins that make the eggshell, an essential protective layer for the oocyte. Although studies on the signaling processes to make polarized oocytes have been progressed very far, studies on the mechanisms for eggshell formation is not clear yet. To elucidate the underlying mechanism in eggshell formation, we used a differential display screen to isolate genes that are specifically expressed during the later stages of oogenesis, and isolated a novel gene, Femcoat. Femcoat encodes a putative chorion membrane protein that contains many highly charged residues and has a putative signal peptide. Femcoat is expressed specifically in the follicle cells with a punctate staining pattern typical of secreted proteins, and becomes cross-linked heavily at the final steps of oogenesis. To identify the developmental role of Femcoat in eggshell formation, we performed an inducible double stranded RNA mediated interference (dsRNAi) method to specifically reduce Femcoat expression during oogenesis in adult flies. Electron microscopy analysis of egg chambers from these flies showed defects in chorion formation. These pieces of evidence demonstrated that Femcoat is necessary for eggshell formation, especially during chorion synthesis. Our results demonstrate that inducible dsRNAi analysis can be effective in determining the developmental function of novel genes. q
Introduction
During the late stages of oogenesis in Drosophila, the follicle cell epithelium produces various membranes that hold the shape of the embryo, provide waterproofing, and enable gas exchange. In order for the fly embryo to survive in nature, the proper formation of eggshell membrane at the final stages of oogenesis is as important as all the gene expression and localization processes that occur during the early stages of oogenesis (St Johnston and NussleinVolhard, 1992) . Eggshell layers include the vitelline membrane, inner chorion layer, exochorion layer, and a tripartite endochorion consisting of inner endochorion, pillar, and outer endochorion layers (Margaritis, 1985) . In general, vitelline membrane proteins are synthesized during the early stages of eggshell formation (stages 8-10), whereas chorion components are synthesized during the terminal stages of oogenesis (stages 11-14) . However, the timing of eggshell protein synthesis is not always related to the final position of the proteins on the eggshell. Some chorion proteins, such as dec-1 and Cp36, are synthesized during early oogenesis, initially deposited in the vitelline membrane, but later they become concentrated in the chorion layer (Nogueron et al., 2000; Pascucci et al., 1996; Trougakos and Margaritis, 1998) . Two structural proteins, sV17 and sV23 have been identified as components of the vitelline membrane, and seven other genes, which lie in two clusters on the X and third chromosomes, have been identified as components for the chorion membrane (Hawley and Waring, 1988; Parks et al., 1986) . In addition to these genes, nudel, a protease required for dorso-ventral signaling between developing oocytes and follicle cells, also functions in the cross-linking process of vitelline membrane components (LeMosy and Hashimoto, 2000) . Cross-linking of vitelline and chorion proteins, which has been reported to occur during the final stages of oogenesis, increases the integrity of the membranes. This process is thought to be performed by an endogenous peroxidase that produces covalently cross-linked dityrosine and trityrosine residues (Petri et al., 1976) . Although several genes for vitelline and chorion membrane formation have been isolated, the detailed mechanism for eggshell synthesis is not completely understood, and it requires identification and functional analysis of more components involved in this process.
Here we report the identification of a novel gene, Femcoat, which is specifically expressed in follicle cells during the late stages of oogenesis. Functional analysis of the gene using inducible double stranded RNA interference (dsRNAi) technique designed to silence gene expression at specific adult stages revealed that Femcoat is required for endochorion formation. Until recently, in Drosophila, the expression of inheritable dsRNAs was induced during embryonic and larval stages, and their effect was observed in the following stages. We further extended this study by examining an adultspecific gene function with the use of dsRNAi.
Results

Isolation of Femcoat
In order to elucidate the specific mechanisms for developmental process, such as eggshell formation, it is essential to identify the genes involved and how they function. We previously reported that Rbp9 is required for differentiation of cystocytes during early oogenesis (Kim-Ha et al., 1999) . Mutation of Rbp9 affects cystocyte differentiation and egg chamber formation, and the most severe Rbp9 mutants do not develop any mature egg chambers. As eggshell formation occurs during the late stages of oogenesis, those genes involved in this process would be turned off in Rbp9 mutants. Therefore, identification of genes whose expression is lost in a severe Rbp9 mutant strain will provide valuable clues in understanding the mechanisms of late stage oogenesis, including eggshell formation.
To this end, we compared the transcripts expressed in a mutant strain that lacks oogenesis beyond stage 6 (Rbp9 P[2690] ) to those of its parental strain (Rbp9
), which has no oogenesis defect (Kim-Ha et al., 1999) , using differential display PCR method. From about 8000 random amplification products, we isolated bands from 59 products that were amplified only from the wild type mRNA, and 33 products that were only amplified from the Rbp9 P[2690] mRNA. The differentially amplified PCR fragments were further analyzed by using them as probes on Northern blots. One transcript of 950 bp was present only in wild type and absent from Rbp9 P[2690] (Fig. 1A, lanes 1 and 2) . When a wild type copy of Rbp9 was reintroduced as a transgene into Rbp9 P[2690] , the developmental defects of the mutant ovary were completely rescued, and expression of the 950-bp transcript was detected at a comparable level to that of wild type fly (Fig. 1A, lane 3) . This result suggests that the expression of the gene encoding this transcript is related to late oogenesis. Thus, the PCR fragment was used for cloning the entire gene, which we named Femcoat.
In order to clone a full-length Femcoat cDNA, an adult D. melanogaster cDNA library was screened with a probe prepared from the Femcoat PCR fragment. Out of 200,000 plaques screened, we isolated eight positive clones. All of the cDNA clones isolated had inserted fragments of approximately 800 bp in size. Sequence analysis of the Femcoat cDNAs revealed a 732-bp transcript encoding a 200-amino acid open reading frame with good Drosophila-specific codon usage (Fig. 2) . The encoded polypeptide contained an extraordinary amount of charged amino acids, with lys (17%) and glu (16%) making up 33% of the total amino acids. The encoded sequence contained a putative 23 amino acid signal peptide at the N-terminus (PSOR-TII method). One other unusual feature of the protein was the presence of repetitive sequences. The Femcoat protein had two eight-amino acid repeats {EAKLE(A/K)KE} at nucleotide positions 132-155 and 252-275, and two 10-amino acid tandem repeats (KKEKELAFFE) at positions 312-341 and 345-374. In situ hybridization of Femcoat cDNA to polytene chromosomes identified strong hybridization signal at the 4B3 locus (data not shown). Recently, the genomic region encompassing the Femcoat gene has been reported by Drosophila Genome Project. Comparison of the genomic sequence and the cDNA sequence revealed that there is a small intron (107 nt) spliced out between nucleotide positions 87 and 88 of the cDNA sequence. The transcription start site could be predicted at 57 nucleotides upstream of the translation start site. A possible polyadenylation site was identified at 132 nucleotides downstream of the translation stop site. These computer-predicted transcriptional start and stop sites show good correlation with the 950-bp transcript size observed on Northern blots.
Femcoat expression in somatic follicle cells
To examine the expression pattern of Femcoat, we raised a polyclonal antibody (Ab) in rabbit against the peptide sequence YEQSEEVTEKPSRKTYERKSYDRRT, which is found near the C-terminal end. Affinity purified antiFemcoat Ab recognized a protein in wild type whole fly extract, but not in Rbp9 mutant extract (Fig. 1B) . We also raised another polyclonal Ab in rats against a truncated recombinant Femcoat protein and found that the rat antibody also recognized the same protein band (data not shown). On all blots, the Femcoat band co-migrated with a 36 kDa size marker. While the predicted molecular weight of Femcoat was 21.3 kDa after the cleavage of the signal peptide, the protein migrated more slowly. This slow migration may be the result of the repetitive sequences and the charged amino acids. Femcoat protein made by in vitro translation in rabbit reticulocyte lysate also migrated as a 36-kDa protein (data not shown).
To confirm that Femcoat expression is defective in the Rbp9 mutant at the protein level as well, we used an immunoblot probed with anti-Femcoat Ab to examine protein extracts of wild type and Rbp9 mutant flies. In agreement with the Northern blot, Femcoat protein was detected only in the wild type extract (Fig. 1B) . To examine whether Femcoat protein expression in wild type flies was limited to ovaries, we prepared cell extracts from dissected ovaries and the remaining carcasses and performed immunoblot analysis with antiFemcoat Ab. Femcoat protein was detected only in the ovary extract prepared from wild type flies, and no detectable Femcoat protein was found in the mutant ovaries (Fig. 1B , lanes 1 and 2) nor in the carcasses of wild type and Rbp9 mutant flies (Fig. 1B , lanes 4 and 5). The defective Femcoat protein expression of the Rbp9 mutant was restored when an extra copy of the wild type Rbp9 gene was introduced into the mutant. Extracts prepared from Rbp9 mutant flies complemented with the wild type Rbp9 gene showed a Femcoat expression pattern similar to wild type (Fig. 1B , lanes 3 and 6). Because ovaries from the Rbp9 mutant contain only earlystage egg chambers, these results showed that Femcoat expression is restricted to ovaries, especially to the developmentally late-staged egg chambers.
To examine the expression pattern of Femcoat in detail, we performed immunostaining of whole-mount preparations of wild type ovaries. Femcoat protein was first detected in follicle cells of S12B egg chambers (stages according to Margaritis (1985) ; Fig. 3A -D). Femcoat protein was detected throughout the follicle cell cytoplasm, but in a punctate pattern ( Fig. 3M-O ). Punctate patterns of protein expression are often reported for proteins transported by secretory vesicles (Brown et al., 1998) , and suggest that Femcoat protein may be synthesized in the follicle cells and transported in secretory vesicles. The secreted Femcoat protein in the follicle cell cytoplasm rapidly relocalized to apical regions of the follicle cells (Fig. 3P) . Soon, Femcoat protein seemed to be transported out of the follicle cells, as it formed a tight and thin layer underneath the follicle cells. This layer covered the entire length of the oocyte, including the micropyle (data not shown). The expression of Femcoat protein persisted to S14A follicle cells ( Fig. 3E-J) . However, Femcoat protein was no longer detected in mature egg chambers at S14B stage by immunostaining of whole-mount ovaries (Fig.  3K ,L). Only some autofluoresent signals were detected (see Fig. 3 legend).
Femcoat protein becomes covalently cross-linked during late stages of oogenesis
Although Femcoat cannot be detected in the mature egg chambers by immunostaining of whole-mount ovaries, this does not necessarily mean that the protein no longer exists in the mature egg chambers. Cross-linking of vitelline and chorion membrane proteins occurs extensively during the late stages of oogenesis (Margaritis, 1985) . This process makes some components of vitelline or chorion membrane layers become sturdy and insoluble to chemical reagents such as sodium dodecyl sulfate, b-mercaptoethanol, and DTT, and thus undetectable by conventional Western or immunostaining methods. However, eggshell membrane proteins become detectable in a certain cross-linkingdefective mutant (LeMosy and Hashimoto, 2000) . In order to examine whether Femcoat protein is present in mature egg chambers as an active component of eggshell membrane, we examined some mutants that have been reported to be defective in eggshell membrane formation hoping to find some mutants with defects in cross-linking of Femcoat protein. The mutant flies we examined were: defective chorion 1 (dec-1), chiffon (chif ), Chorion protein 36 [Cp36 (dec2)], and female sterile (1) Nasrat [fs(1)N]. As nudel is defective in vitelline membrane cross-linking (LeMosy and Hashimoto, 2000), we also included nudel. Among these embryos, soluble Femcoat protein was detected only in Cp36 mutant embryos (Fig. 4) . This result implies that Femcoat protein is present in mature eggs but becomes insoluble by a cross-linking process. Cp36 has been reported to be a major structural chorion membrane component, and mutation in Cp36 has been reported to cause defects in endochorion formation (Digan et al., Fig. 3 . Ovary whole mounts immunostained with anti-Femcoat. Femcoat protein was visualized using rabbit anti-Femcoat and rhodamine-conjugated antirabbit IgG (B, D, F, H, J, L, N to P). Nuclei were stained with Syto16 (A, C, E, G, I, K, M, P) to help assess the developmental stages of each egg chamber. In A-L, egg chambers are arranged from early to late developmental stages. Femcoat protein expression was not detected until early S12 (A, B) but began to be detected in late S12 egg chambers (C, D). Femcoat expression could be observed in egg chambers up to S14 (E-J) but was no longer detected when egg chamber formation was completed (late S14; K, L). Some fluorescent signals are detected in boundaries of follicle cells and dorsal appendages of mature egg chambers. This seems to be due to autofluorescence as it can be detected in unstained egg chambers of the same developmental stages. The autofluorescence signal was much weaker than the signals from Femcoat expression of early S14 stage egg chambers. Higher magnification images of S13 follicle cells show the punctate staining pattern of Femcoat protein (M-O). Staining of sectioned egg chambers at this stage shows localization of Femcoat protein beneath the follicle cells (P).
1979). Although Cp36 has been implicated in chorion membrane formation, it influenced the solubility of the vitelline membrane component: Sv17, a vitelline membrane component, was also soluble in Cp36 mutant embryos (Fig. 4) . On the other hand, in nudel mutant embryos, only Sv17 was soluble, as described before (LeMosy and Hashimoto, 2000) , but Femcoat was not soluble (Fig. 4) . As nudel mutation is known to have a defect in the cross-linking process of vitelline proteins without obvious defects in the cross-linking of chorion proteins, this result suggests that Femcoat is involved in the chorion membrane formation.
Expression of Femcoat double stranded RNA reduces endogenous Femcoat transcript and protein
It has been reported in many organisms that dsRNAs can interfere with the expression of a certain gene very specifically. To examine the role of Femcoat during oogenesis, we designed constructs that produce dsRNAs from a region corresponding to a portion of the Femcoat coding region. Double stranded RNAs were made either by allowing hybridization of two separately transcribed transcripts in the cells (s/as-RNA) or by transcribing a template that was designed to encode a transcript with a hairpin structure (ds-RNA) (Fig. 5A ). In addition, we also tested the effect of antisense (as-RNA) or sense (s-RNA) RNAs, individually, on Femcoat expression. As we wanted to see the effect of RNA interference during oogenesis in adult flies, we put these constructs under the control of the hsp70 promoter and introduced them into the fly genome using P elements (Fig. 5A ). An RNase protection analysis of the transcripts from the transgenic flies revealed that heat treatment induced the expression of the transgenic transcripts two-to three-fold higher than the level of the endogenous Femcoat mRNA (data not shown). The effect of these various RNA interference constructs on the expression of endogenous Femcoat mRNA was determined by an RNase protection assay with a probe designed to discriminate endogenous from transgenic Femcoat transcript. Without heat treatment, all of the transgenic flies harboring various RNA expression constructs expressed Femcoat mRNA at a wild type level (Fig. 5B) . However, upon heat shock, endogenous Femcoat gene expression was altered by some of the transgenic RNA expression. While induction of the Femcoat s-RNA did not affect the level of the endogenous Femcoat mRNA, induction of the other transgenic constructs (as-RNA, s/as-RNA, and ds-RNA) reduced the level of the endogenous Femcoat mRNA to 20% to 40% of wild type level (Fig. 5B) . The most severe effect was observed from the induction of the Femcoat ds-RNA.
Interference of Femcoat expression by antisense and double stranded RNAs were reconfirmed by whole mount immunostaining of the egg chambers with Femcoat antibodies. To show that the RNA-mediated interference Fig. 4 . Solubility of Femcoat protein in extracts prepared from embryos with defective eggshell phenotypes. Ovary or embryo extracts prepared from wild type (wt), Cp36 or nudel mutants were analysed by immunoblot with Femcoat or Sv17Abs. Both Femcoat and Sv17 are detected in wild type ovary extracts, but not in mature egg chamber extracts. Sv17 can be detected in extracts of Cp36 and nudel mutant mature embryos. Femcoat protein is detected only in Cp36 embryo extracts. Df is the Df(3L)CH12 chromosome which uncovers the nudel gene. As Sv17 protein is processed during late oogenesis, multiple protein bands are detected in wild type ovary extracts (Pascucci et al., 1996) . The slow migrating band in ndl 14 / Df embryo extract could be due to some covalently cross-linked Sv17 protein (LeMosy and Hashimoto, 2000). causes inhibition of Femcoat expression specifically, we used double immunostaining to examine the expression of both Femcoat and S18, a chorion membrane component (Pascucci et al., 1996) . Without heat treatment, both Femcoat and S18 were highly expressed in S14A egg chambers (Fig. 6) . Induction of transgenic RNAs by heat treatment showed a specific reduction of Femcoat protein without any obvious effect on S18 expression. While egg chambers expressing the s-RNAs did not show any reduction in the expression level of Femcoat protein (Fig. 6G,H) , egg chambers expressing the as-or s/as-RNAs showed a decrease in Femcoat protein expression level (Fig.  6K ,L,O,P). The most dramatic decrease in Femcoat expression was observed in egg chambers with the ds-RNA construct; in these embryos, Femcoat protein was barely detected (Fig. 6S,T) . Therefore, we can conclude that a hairpin-structured double stranded RNA produced from a single promoter is most effective in posttranscriptional silencing of Femcoat expression, while antisense and sense/antisense RNAs can reduce Femcoat mRNA and protein to a moderate extent.
Interference of Femcoat expression causes defects in chorion formation
Although the timing and pattern of Femcoat protein expression during the late stages of oogenesis imply that Femcoat is a component of the chorion membrane, more direct evidence is required to conclusively identify the function of Femcoat in eggshell formation. Therefore, we examined the effect of decreased Femcoat transcript and protein levels on eggshell membrane formation using transmission electron microscopy. We examined the structure of eggshell membranes from egg chambers with or without heat induction of various transgenic RNAs. Egg chambers of wild type and transgenic lines without any heat treatment showed very well-structured eggshell membranes clearly showing all the membrane components: outer endochorion, inner endochorion, pillar, inner chorion layer and vitelline membrane (data not shown). Heat shock induction of the as-, s-, and s/as-RNA caused no obvious abnormality in any eggshell membranes (Fig. 7A,B and data not shown). These findings suggest that a moderately reduced level of the Femcoat Fig. 6 . Effects of various RNAs on expression of Femcoat protein in late stage (S14A) egg chambers. Expression of Femcoat protein in whole mounted egg chambers were revealed by staining with anti-Femcoat and anti-S18, followed by rhodamine or fluorescein conjugated secondary antibodies, respectively. Although the expression timing of S18 and Femcoat was slightly different from each other, Femcoat expression was always detected in follicles of S18 expressing egg chambers of wild type flies (data not shown). Thus, S18 could be used as a control marker to see the specificity of the RNAi effect on Femcoat expression. Wild type (A-D) and s-RNA (E-H), as-RNA (I-L), s/as-RNA (M-P) and ds-RNA (Q-T) egg chambers were tested. Wild type and transgeneharboring embryos showed a wild type expression pattern of Femcoat and S18 protein when they were not treated with heat (A, B, E, F, I, J, M, N, Q, R). Heat treatment of the wild type or induction of the s-RNA by heat shock did not reduce the apparent Femcoat expression (D, H). However, expression of as-RNA or s/as-RNA decreased Femcoat expression to some extent (L, P). Moreover, Femcoat protein was barely detected in egg chambers expressing ds-RNAs (T). There was no change in S18 expression in any of these cases (C, G, K, O, S).
protein may be enough to maintain the eggshell membrane structure. However, induction of ds-RNA in egg chambers caused a distinct defect in endochorion formation. Although a small portion of the membrane appeared to have a wild type structure, most regions of the membrane showed severe abnormalities in endochorion formation. In particular, pillars were incomplete and appeared very sparse (Fig.  7C,D) . In addition to defects in endochorion formation, exochorion fibril structure was often missing. Despite the severe defect in chorion membrane formation, vitelline membrane formation was not affected in these egg chambers (data not shown). Therefore, we conclude that Femcoat protein is necessary for proper formation of endochorion structures.
Discussion
Femcoat function in chorion formation
We have identified a novel gene, Femcoat, which is required for eggshell formation. The timing and expression pattern of the protein, and the mutant phenotype as revealed by dsRNAi suggests that Femcoat is a chorion component.
Comparison of the features of this protein with other eggshell components revealed that Femcoat shares many common features with chorion proteins. First, chorion membrane proteins contain one small intron near the 5 0 end of each gene, whereas vitelline protein genes lack an intron (Waring et al., 1990) . Second, eggshell proteins contain signal peptides and show a punctate distribution pattern that is characteristic of secreted proteins. Third, eggshell proteins contain repeated sequences. Finally, eggshell proteins become cross-linked during the final stages of oogenesis. All these features are reflected very well in Femcoat. These lines of evidences further support the idea that Femcoat is a chorion membrane component.
In order to build chemically and mechanically tough structures, the protein components in structures such as epidermis, cuticle, silk fibroin, elastin, collagen, keratin, and wool are extensively cross-linked in several ways. In D. melanogaster, cross-linking occurs between tyrosine residues to produce dityrosine and trityrosine (Petri et al., 1976) . Another type of cross-link that has been suggested in D. melanogaster eggshell formation is glutamyl-lysine crosslinks. This type of crosslink can be carried out by a transglutaminase that links a peptide-bound glutamine to the amine residue of lysine. This process has been very well studied with involucrin, which is a glutamine-rich protein involved in cross-linking and stabilization of the keratinocyte envelope (Eckert and Green, 1986) . In Drosophila, glutamyl-lysine cross-linking was proposed for s80, which is a cleavage product of the glutamine-rich chorion protein, dec-1 (Waring et al., 1990) . In Femcoat, the overall percentage of tyrosine residues is not high, but they are distributed exclusively in the C-terminal region. On the other hand, lysine residues are distributed throughout the coding region, but they make up 17% of Femcoat residues. Therefore, it is possible that the Femcoat protein is stabilized by one or both types of cross-linking.
Although eggshell components are often described either as vitelline or chorion membrane proteins, categorizing each component is not always clear. Although dec-1 is described as a chorion protein and its mutant has been described to produce egg chambers that lack organization of the endochorion (Bauer and Waring, 1987) , dec-1 eggs are also permeable to neutral red, which is an indicator of defects in the vitelline membrane. Our finding that the Cp36 mutant is defective in crosslinking of both vitelline membrane component Sv17 and Femcoat further extends this issue. Cp36 has been reported to be a major chorion membrane component, but mutation of this gene causes cross-linking defects in both vitelline and chorion proteins. One common feature of dec-1 and Cp36 is that both proteins initially accumulate in the vitelline membrane but later become concentrated in chorion layers (Nogueron et al., 2000) . Therefore, these proteins may participate in both vitelline and chorion membrane formation.
Inducible and inheritable dsRNAi
Now that most of the Drosophila genome has been sequenced, efficient gene-specific knock out systems are required to reveal the function of newly-identified genes. Targeted gene disruption is useful in reverse genetic studies, and it is used often in yeast and mouse systems. In Drosophila, Rong and Golic recently used targeted gene disruption by homologous recombination to replace a mutant with a wild type allele and to produce a knockout of a wild type gene Golic, 2000, 2001) . This targeting method could be used as a powerful tool for directed mutagenesis in Drosophila, as more knockout results accumulate.
As we isolated Femcoat by a molecular biological approach, we wished to find a very efficient method for targeted disruption of Femcoat's genetic function. To reveal the developmental functions of newly identified genes, various gene disruption methods, such as EMS, X-ray, and P element-mediated mutagenesis can be used. Although these methods have proven useful, all take enormous time and effort to reach a final stage to see the effect of the mutation. Recently, a method termed double stranded RNA interference (dsRNAi) was shown to produce sequence-specific inactivation of gene function in Caenorhabditis elegans Fire et al., 1998) . Since then, it has been reported that dsRNAi can also be used in flies, trypanosomes, planaria, zebrafish, and mice (Hunter, 1999; Kennerdell and Carthew, 1998; Li et al., 2000; Wianny and Zernicka-Goetz, 2000) . Until recently, dsRNAi assays have been limited to revealing embryonic gene functions in Drosophila; the dsRNAi effect has been effective only until the blastoderm stages of embryogenesis. Although the injected dsRNAs persist in the embryo, the interference effect was extremely low on genes that function during later developmental stages (Misquitta and Paterson, 1999) . Therefore, it would be very useful to develop methods to turn on dsRNAi at specific developmental stages. As the Femcoat gene was expressed during oogenesis in adult female flies, we designed dsRNA-expressing constructs that could be inheritable and inducible so that we can examine the effect of Femcoat gene interruption during adult stages. Although presence of an available mutant would be very useful to confirm the reliability of the dsRNAi method in revealing a specific function of a novel gene, phenotypic defects produced by dsRNAi of Femcoat gene were consistent with its expected role in eggshell formation. Performance of dsRNAi in 'knock-down' of more genes would reveal its usefulness. While our study on this subject was carried out, an inheritable and inducible dsRNAi method has been reported in C. elegans, Arabidopsis thaliana, and D. melanogaster (Chuang and Meyerowitz, 2000; Tavernarakis et al., 2000) . In Drosophila, the expression of inheritable dsRNAs was induced during embryonic and larval stages, and their effect was observed in the following stages (Kennerdell and Carthew, 2000; Lam and Thummel, 2000) . Double strand RNAs can be made either by hybridizing sense and antisense RNAs synthesized as separate transcripts or by synthesizing one transcript consisting of both sense and antisense strands forming a hairpin structure. We tested both approaches and compared them to the effect of expressing sense or antisense RNAs alone. We found that interference of Femcoat gene expression was most prominent in flies expressing hairpin structured ds-RNA. This result is consistent with the result presented by Chuang and Meyerowitz in Arabidopsis thaliana (Chuang and Meyerowitz, 2000) . They also observed that RNAi was most potent with hairpin structured transcripts whereas s/as-, s-, or as-RNAs had either no or weak genetic interference effects. 
Materials and methods
Fly stocks
Differential display
We performed reverse transcription and PCR amplification of poly(A) 1 mRNAs from Rbp9 P [1374] and Rbp9 P[2690] with an oligo(dT) primer and arbitrary decamers (Clontech lab., Inc.). The following amplification cycles were used: 40 cycles of 30 s 948C, 2 m 408C, 30 s 728C. The products were separated on denaturing polyacrylamide gels and about 8000 arbitrary transcripts were displayed. For each DNA band having a strongly differential expression pattern, a gel slice was cut out and the DNA was eluted with water, then precipitated with ethanol. Using the eluted DNA as a template, PCR was carried out with the degenerate anchored oligo(dT) primer set and arbitrary decamer. Probes were made from each amplified DNA fragment and used for northern analysis of mRNA samples prepared from Rbp9 P[1374] and Rbp9 P[2690] , and Rbp9 P[2690] harboring wild type Rbp9.
Antibody production and purification
An anti-peptide antibody was raised in rabbits against 'KLH-YEQSEEVTEKPSRKTYERKSYDRRT' (Research Genetics, Huntsville, Alabama). Another polyclonal antibody was raised in rats from the full Femcoat coding region except for the first 40 amino acids. Both antibodies were affinity purified using a recombinant Femcoat protein conjugated to a CNBr-activated sepharose column (Harlow and Lane, 1988) .
Constructs used in RNAi experiments
To construct sense and antisense RNA-expressing constructs, a Femcoat cDNA fragment corresponding to nucleotides 171-531 was amplified. This PCR fragment ) was cloned into pCaSpeR-hs vector, which contains an hsp70 promoter and polyA signal. To construct the hairpin structured ds-RNA expressing clone, a Femcoat cDNA fragment corresponding to nucleotides 171-732 was amplified. Then, this PCR fragment ) and the Fem 171-531 fragment were incorporated into the pCaSpeRhs vector in opposite orientations.
RNase protection assay
Adult female flies were heat treated at 378C for 3 h. Total RNA was extracted from adult flies either with or without heat treatment, using guanidium solution (2 M guanidium thiocyanate, 12.5 mM sodium citrate, 0.25% SDS, 50 mM b-mercaptoethanol, 1/10 vol. 3 M sodium acetate, 50% phenol). An [a-32 P]-UTP labeled antisense RNA probe was synthesized from a Fem 421-571 DNA fragment. To detect endogenous Femcoat transcripts, 10 mg of total RNA was incubated with the probe in 30 ml hybridization buffer (40 mM PIPES, 0.4 M NaCl, 1 mM EDTA, 80% formamide) at 378C overnight. The hybridization reactions were treated with ribonuclease mix [40 mg/ml RNase A, 2 mg/ml RNase T1, 10 mM Tris-Cl (pH7.5), 300 mM NaCl, 5 mM EDTA] and they were analyzed on 6% acrylamide-7 M urea gel.
Immunohistochemistry
Immunostaining of Drosophila egg chambers was performed as described by Kim-Ha et al. (1999) . Egg chambers were prepared either from control and 3-h heat-treated female flies. Anti-Femcoat antibodies and anti-s18 antibodies were used at 1:250 and 1:1000 dilutions, respectively. The secondary antibodies were rhodamine red conjugated anti-rat IgG (1:250; Jackson ImmunoResearch) and FITC conjugated anti-rabbit IgG (1:100; Jackson ImmunoResearch). Immunostained egg chambers were examined by confocal microscopy (Bio-Rad, MRC1024 and Carl Zeiss, LSM510).
